The terminus region of the Escherichia coli chromosome is the scene of frequent homologous recombination. This can be demonstrated by formation of deletions between directly repeated sequences which flank a genetic marker whose loss can be easily detected. We report here that terminal recombination events are restricted to a relatively large terminal recombination zone (TRZ). On one side of the TRZ, the transition from the region with a high excision rate to the normal (low) excision rates of the rest of the chromosome occurs along a DNA stretch of less than 1 min. No specific border of this domain has been defined. To identify factors inducing terminal recombination, we examined its relation to two other phenomena affecting the same region, site-specific recombination at the dif locus and site-specific replication pausing. Both the location and the efficiency of terminal recombination remained unchanged after inactivation of the dif-specific recombination system. Similarly, inactivation of site-specific replication pausing or displacement of the replication fork trap so that termination occurs about 200 kb away from the normal region had no clear effect on this phenomenon. Therefore, terminal recombination is not a direct consequence of either dif-specific recombination or replication termination. Furthermore, deletions encompassing the wild-type TRZ do not eliminate hyperrecombination. Terminal recombination therefore cannot be attributed to the activity of some unique sequence of the region. A possible explanation of terminal hyperrecombination involves nucleoid organization and its remodeling after replication: we propose that postreplicative reconstruction of the nucleoid organization results in a displacement of the catenation links between sister chromosomes to the last chromosomal domain to be rebuilt. Unrelated to replication termination, this process would facilitate interactions between the catenated molecules and would make the domain highly susceptible to recombination between sister chromosomes.
The terminus region of the Escherichia coli chromosome is the scene of frequent homologous recombination. This can be demonstrated by formation of deletions between directly repeated sequences which flank a genetic marker whose loss can be easily detected. We report here that terminal recombination events are restricted to a relatively large terminal recombination zone (TRZ). On one side of the TRZ, the transition from the region with a high excision rate to the normal (low) excision rates of the rest of the chromosome occurs along a DNA stretch of less than 1 min. No specific border of this domain has been defined. To identify factors inducing terminal recombination, we examined its relation to two other phenomena affecting the same region, site-specific recombination at the dif locus and site-specific replication pausing. Both the location and the efficiency of terminal recombination remained unchanged after inactivation of the dif-specific recombination system. Similarly, inactivation of site-specific replication pausing or displacement of the replication fork trap so that termination occurs about 200 kb away from the normal region had no clear effect on this phenomenon. Therefore, terminal recombination is not a direct consequence of either dif-specific recombination or replication termination. Furthermore, deletions encompassing the wild-type TRZ do not eliminate hyperrecombination. Terminal recombination therefore cannot be attributed to the activity of some unique sequence of the region. A possible explanation of terminal hyperrecombination involves nucleoid organization and its remodeling after replication: we propose that postreplicative reconstruction of the nucleoid organization results in a displacement of the catenation links between sister chromosomes to the last chromosomal domain to be rebuilt. Unrelated to replication termination, this process would facilitate interactions between the catenated molecules and would make the domain highly susceptible to recombination between sister chromosomes.
The region of the Escherichia coli chromosome in which replication terminates is implicated in two recombination events occurring at high frequencies in cells with a wild-type cell cycle machinery. One is site-specific recombination, controlled by the XerCD recombinases (4) , which takes place at a unique site, dif, located at 34 min on the genetic map (3, 5, 20) .
The dif-specific recombination probably participates in chromosome dimer resolution, since bacteria deleted for the dif locus, or made XerC-, have a tendency to form filaments (3, 20) , but the exact physiological role of dif-mediated recombination is not precisely known. The other very frequent event is homologous recombination between directly repeated sequences (24) . The position where the phenomenon was the most striking (the zdd263::TnS locus) maps between dif and the first replication terminator acting on forks moving rightward in Fig. 1B , terC or psrA. In this region, excisive recombination occurs 1,000 times more often than outside the terminus region (for identical genetic constructions). This phenomenon has been called terminal recombination. We proposed previously (24) that terminal recombination could be initiated atpsrA and terminated at dif and that it could facilitate completion of replication and daughter chromosome separation. This hy-pothesis concerning the mechanism and the role for the hyperrecombination in the terminus region has been further investigated.
The extent of the region affected by terminal recombination has been determined more precisely. The possible relationships of termination of chromosome replication and difspecific recombination to terminal hyperrecombination have been analyzed by (i) inactivation of dif-specific recombination, (ii) inactivation of the site-specific pausing system, and (iii) displacement of the replication termination zone. A search for specific sequences triggering the phenomenon has also been made by constructing large deletions of the region that were subsequently analyzed for terminal recombination. Our results suggest a model involving chromosome architecture and its postreplicative remodeling to explain terminal hyperrecombination.
MATERIALS AND METHODS
Bacterial strains, bacteriophages, and plasmids. Unless otherwise indicated, bacterial strains used in excision frequency measurements derive from CB0129 (F-W1485 thy leu deoB or deoC supD) (2) . Analysis of the strain by pulsed-field electrophoresis has revealed a restriction profile pattern typical for strains in this family (26) , except that XbaI fragments S and T, fused in the strain analyzed by Weinstock's group, are separated in CB0129 (data not shown). The derivatives constructed for the present analysis are presented in the tables. Transfer of transposon insertions and other tagged mutations was performed by P1 transduction. [11, 13, 15] ), the dif locus (5, 20) , and the various Tn1O and TnS insertions where excision rates were measured. Ordinates are in kilobases and minutes (circled numbers) according to K. Rudd's physical map Ecomap 6 (28) . Arrows indicate Tn1O orientations, from IS1OL to IS1OR. were described in reference 24, except for zde381, zde395, and zde4O6, which were described in reference 1. Strain DS941 (xerC2::Kn) is described in reference 3 and is a gift from D. Sherratt. Strain PLK2035, A(zdc235-zdJ237) (20) , is a gift from P. Kuempel. Deletion-insertion mutants constructed for the present work are diagrammed below (see Fig. 3 ). Bacteriophage XTSK was described previously (10, 27) . All XTSK integrations within TnlO elements rendered their host sensitive to tetracycline (Tcs), displaying the organization presented in Fig. 1A . To improve the detection of cured bacteria, some lysogens were made X resistant by crossing in a lamB allele as previously described (24) (this is dispensable when excision rates are high). Plasmids pFC9 and pFC20, used in the XerCD-dif assay and for gene substitution experiments, respectively, are described in reference 6. Growth media and general procedures. Luria (L) rich medium and M9 synthetic medium are described in reference 25. The following antibiotics were used at the indicated concentrations (in micrograms per milliliter): ampicillin, 20; chloramphenicol, 25; kanamycin, 25; streptomycin, 15; and tetracycline, 15. All in vivo or in vitro genetic experiments were performed according to standard procedures (25, 29) . Pulsedfield electrophoresis was conducted with a Pharmacia Gene Navigator system.
The excisive recombination assay. The X excision assay makes use of a phage X derivative, XTSK (10, 27) , that can integrate by homologous recombination into TnlO or Tn5 insertions and give rise to temperature-sensitive (Ts) lysogens because of the presence of the c1857 mutation. When the phage was integrated into a TnlO element, the configuration leading to a Tcs phenotype (Fig. 1A ) was always chosen. In this case, recombination between the repeated tet sequences may be scored in two ways: by selecting for temperature-resistant clones, the prophage-curing events being the sum of events a, b, and c of Fig. 1A plus rarer events such as IS10-induced deletions, or by selecting for tetracycline-resistant (Tcr) clones at 30'C. We generally measured the frequency of cured bacteria. Excision frequencies per cell per generation were generally estimated from the average of cured-bacteria frequencies in at least five 1-day-old independent colonies, assuming 25 successive generations from the original cell to a colony, and were sometimes determined from the increase with generations of the cured-bacteria frequency (evolution analysis) as previously described (24) .
Precise substitution-deletion of short chromosomal segments. The system providing positive selections for integrative and excisive exchanges between a cloned chromosomal segment and the chromosome makes use of a rep(Ts) vector, pFC20, and has been previously described (6) .
Deletion of large chromosomal segments. Deletions of nonessential segments flanked by directly repeated TnlO insertions were selected by using the Tes and Tek system as previously described (10) : the chosen TnlOs were first substituted by their Tes (Smr) and Tek (Knr) derivatives (events a and c of Fig. 1A were searched for); then strains carrying both Tes and Tek Tn1O derivatives were constructed by P1 transduction (the Smr and Knr determinants should be proximal to the segment to be deleted); finally, Tcr recombinants were selected, and among them the Smi Kns clones were retained. Formally, the recombination event deleting the DNA stretch joining the Tes to the Tek insertions is equivalent to excision event b in Fig.  1A .
Testing dif and xerC activities. dif-specific recombination was tested by measuring the stability at 42°C of a rep(Ts) plasmid carrying a synthetic dif site, pFC9 (6). This plasmid harbors genes encoding resistance to spectinomycin (Spr) and streptomycin. Plating efficiency at 42°C on L-streptomycin agar of bacteria carrying this plasmid is about 10'1 when the dif-XerCD system is proficient (with a permanent shift between plasmid integration and excision) and below 10-' if the system is deficient.
Testing tus and pause site activities. The local replication assay has been described previously (11) . The presence of forks arrested at a pause site under Tus+ conditions and synchronously initiated from a nearby XTSK prophage was demonstrated by the appearance of specific fragments generated by action of a convenient restriction enzyme plus nuclease S1 around the pause site and revealed by DNA-DNA hybridiza- a Method A, averages from measurements for at least five independent clones; method B, measurements by evolution analysis (results from reference 24 are indicated with an asterisk).
b Ratio between the CFU per milliliter at 30C on L-tetracycline to the number of CFU per milliliter at 420C on L medium (Tr, temperature resistant). Results are averages from measurements for at least five independent clones. -, unfeasible. c The effects of the dif deletion are phenotypically suppressed by the presence of the homologous site pif (a hybrid between dif and psi, the resolution site of plasmid pSC101 [6] ). tion as described previously (15, 31) . These specific fragments were not observed under Tus-conditions.
Testing of directions of replication at a given prophage position. We determined the polarity of in vivo-labeled Okazaki fragments specific to the prophage. The complete procedure has been described previously (22) .
RESULTS
Extent of the terminal recombination zone (TRZ). Ten sites were examined in this analysis. Nine map in the terminus region at positions presented in Fig. 1B , and lacZ::TnlO serves as a control for normal chromosomal behavior. Rates of prophage loss and of Tcr-recombinant formation were determined and are reported in Table 1 for eight positions only, for reasons that will become apparent. These rates displayed considerable variations from site to site (over a factor of 1,000), while the ratios of Tcr recombinants to temperatureresistant derivatives remained roughly constant. Prophage curing and reconstruction of a wild-type tetA gene should therefore result from mechanistically similar recombination events. The random occurrence of these events created a large clonal variability: in an analysis of more than 50 clones of strain LN2409 (Table 1) , we observed a standard variation of the cured-bacteria mean frequency as high as 50%. All excision frequencies reported here were averaged from measurements made for at least five independent clones and frequently many more. The values observed are close to those obtained by evolution analysis (24) , also reported in Table 1 ; the comparison confirms the large experimental variability.
The highest excision frequencies were detected in the region around 1600 kb on Rudd's map (28) when XTSK was integrated into a Adift:tetflpif substitution (6) (see Fig. 3A ) and zdd263::Tn5. Note that at zdd263 the repeated sequences differ from those at all other loci (continuous TnS versus interspersed TnlO segments). When the prophage was moved further to the right on the map (Fig. 1B ), the excision rates decreased rapidly: still very high when the prophage was Semi-log plot of excision rate versus map position under wild-type conditions. The abscissa indicates map positions of the tested loci in the terminus region as follows: 1, zci233; 2, zcjl52; 3, dif; 4, zdd263; 5, zde381; 6, zde395; 7, zde4O6. The ordinate shows prophage excision rates, averaged from Table 1 , with confidence intervals ± standard error, estimated at 50% of the mean value. With semi-log ordinates, the graph representative of the possible Gaussian distribution of excision rates appears as a parabola. zcj152::Tn1Of1XTSK, more than 200 kb to the left of dif, were moderate, but attempts to determine the rates at trg::TnlO and zdc235::TnlO are not reported since subsequent Southern analyses revealed that the tested lysogens had undergone complex genomic rearrangements (data not shown). We suspect that when we selected for lysogeny at these positions, a high degree of instability favored transposed TnlO as a target for prophage integration. At all other positions outside the terminus region previously assayed, excision rates were found to be as low as at the lacZ position (24) .
The region of elevated excision rates thus extends from left of zci233 to somewhere between zde395 and zde4O6. We call it the TRZ. Within the TRZ, excision rates vary greatly with prophage map position (Fig. 2 ). Most of the values observed fit with a Gaussian distribution centered around 32.8 min, except for zde4O6, for which the excision rate is about 10 times lower than predicted. Such a curve may indicate that the exchanges inside the domain do not rely on specific sequences but are randomly initiated with a preference for the center of the domain and that the TRZ is delimited on its right by a specific border, located between zde395 and zde4O6, beyond which excision rates fall to the ordinarily low values. This model, which has not yet been directly proved, appears sufficient to explain the observations described below.
Inactivation of the chromosomal site-specific recombination system has little eflect on terminal hyperrecombination. Terminal recombination would be an indirect consequence of dif-specific recombination if, for example, cleavages made at dif by the XerCD recombinase could render this site more Strain LN2778 harbors a Tcr-tagged dif deletion (6) ( Fig. 3) , with a typical Difphenotype: filamentation of a fraction of the cells (20) and a low frequency of pFC9 integration into the chromosome (6) . After lysogenization with XTSK, which had recombined into the tet insertion of Adif, the resulting strain, LN2947, had a high frequency of prophage curing ( Table 2) . A similar high excision rate was also observed when the Adif::tet mutation was crossed into a strain harboring XTSK inserted at zdd263 (strain LN2774; Table 2 ). A temperature-resistantSmr derivative of LN2947 (Adif::tet-Tes; corresponding to excision event a of Fig.1A ) received a zde381::TnlO insertion by P1 transduction and then was lysogenized by XTSK to yield strain LN2972, which also displayed a high excision rate. Note that excision rates at these positions are nevertheless three to five times lower in Difstrains than in the Dif+ counterparts (compare Tables 1 and 2) .
Another approach to the same question involved the inactivation of the xerC gene. Because of the lack of a convenient antibiotic resistance-tagged xerC allele, we first replaced the Knr resistance of the xerC2 insertion allele (3) by Apr resistance. The procedure is outlined in Fig. 3B . The xerC2::Apr allele was transferred by P1 transduction into the series of lysogenic strains, and excision rates were eventually measured.
The XerC-phenotype led to some decrease of excision rates in the TRZ, comparable to that observed under Difconditions, in contrast to a slight increase outside this region ( Table   2 ). We can therefore conclude that dif-specific recombination is not a major factor contributing to terminal recombination. The reduced excision rates generally observed in Difand XerC-strains may indicate, however, that dif-specific recombination contributes, but only in a minor way, to the production of the excision events in the TRZ. The minor contribution may, for instance, be due to the excision process involving a chromosome dimer intermediate, whose resolution is mediated by dif-specific recombination. The slight increase in excision frequency outside the TRZ, if significant, remains to be explained, particularly since in our experience bacteria deprived of the dif-specific recombination system appear to be poor recipients in transductional or conjugational genetic transfer.
High excision frequency is independent of site-specific replication pausing. Inhibition of fork movement at pause sites requires the Tus protein, a contra-helicase which binds specifically to pause sites (14, 17, 21) . We measured the frequency of XTSK excision in two Tus-mutants. One has a large deletion between kb 1647 and 1705 on the Rudd map, which was analyzed at position zdd263::TnS only. The other has a small (1.65-kb; Fig. 3C ) tus deletion tagged with an Apr interposon, tested as described in Materials and Methods (data not shown) and transferred by P1 transduction into the whole series of lysogens. In all instances, the effect of the tus deletion on excision frequency was trivial (Tables 1 and 3 ). Thus, terminal recombination does not require fork stalling at a pause site.
That terminal recombination and termination could be interconnected has been ruled out by the experiments described in the two next sections.
Modifying the region of termination by inserting an extra pause site into the chromosome. We have inserted an additional pause site,psrA*, at position 1400 kb on Rudd's map (30 min; Fig. 1B ), in the same orientation aspsrA. The procedure for doing this is outlined in Fig. 3D . This manipulation should result in (i) a 200-kb displacement of the actual termination sented. These segments were cloned in the pFC20 plasmid or similar vectors, modified in vitro as described below, and inserted in the chromosome by using the integration-excision properties of pFC20 as explained in Materials and Methods. (A) Deletion ofdif and insertion of pif. The deletion encompasses a 58-bp PflMI-DdeI segment containing the difsequence, which was replaced by a 2.9-kb BglII segment containing the tet region of TnlO. Two alleles, Adifl (shown here) and Ad42, differing only by the orientation of the tet segment, have been constructed. Thepif site (a hybrid betweenpsi, the resolution site of plasmid pSC101, and dif [6] ) was eventually cloned at the HindIH site of the tet fragment of Aif7. The constructions are presented in more detail in reference 6. tls-containing EcoRI frmment was subcloned from phage 0313 from the Kohara collection (18) . Partial digestion withEcoRV led to a 1.65-kb deletion eliminating most of the tus gene, and this deletion was eventual tagged by a 25-kb SnaI Apr omegon (9) . (D) Insertion ofpsrA*. An 8-kbHndlE-EcoRI fragment (positions 1395.9 to 1404 on the physical map) was subcloned from plasmid pJPB5 (7) . After digestion by PstI and KpnI, creating a 3.7-kb deletion between sites PstI (1397.8) and KpnI (1401.5), the fragment was ligated to an oligonucleotide synthesized according to the sequence of psrA (terC [13] ) with adequately disposed PstI and KpnI ends. A 1.8-kb BamHI Apr interposon (9) was eventually cloned at the KpnI site by blunt-end ligation. The sequence of the psrA * oligonucleotide is:
Restriction sites: V, BamHI; *, EcoRI; 0, HindIII; P, PstI; K, ApnI; R5, EcoRV; S, SshI. region from near psrA, where terminal recombination is very active, to a region (near the zci233 site) where it is much less frequent ( Table 1 ) and (ii) conservation of a normal replication cycle, since with the additional pause site termination should still occur within the normal replication fork trap (7) . The in vivo activity of psrA* was verified as described in Materials and Methods (data not shown) and by determining the direction of the replication of markers located between psrA and psrA*.
The direction of replication across a given locus may be determined from the strand preference of Okazaki fragments specific for the marker considered, a technique well suited to the case of X prophages (23) . Strains carrying XTSK prophages at zcjlS2 or dif positions, with or without psrA* (Fig. 4) , have been analyzed. These two positions lie within the psrA*-psrA segment and map close to each border. Since a 70% strand preference of the Okazaki fragments is typical for unidirectional replication (22) , the data reported in Fig. 4 show that the presence ofpsrA * results in a shift from rightward to leftward replication in the psrA*-psrA interval. This shift in direction of replication means that the zone where forks meet has changed with the addition of psrA*. Considering the unidirectional effect of the pause sites on fork movement, meeting of the zde4O6::TnlO LN2994 7 X 10-5 LN3001 2 X 10-5 a In all strains except LN2455, the A(tus)::Apr deletion has been introduced by PI transduction in the corresponding wild-type lysogens ( Table 1 ). In strain LN2455, the large deletion from 1647 to 1708 kb including tus in the CB0129 background has been described previously (1) . The strain received zdd263::TnS by PI transduction and was then lysogenized by XTSK b In all of these strains, the psrA*-Apr insertion has been introduced by P1 transduction in the corresponding wild-type lysogens (Table 1) . (optical density at 540 nm, 0.7) of exponentially growing bacteria in M9 medium supplemented with Casamino Acids (1%) and thymine (4 tig/ml) at 30'C was pulse-labeled for 30 s with tritiated thymidine (600 pCi) after a short (2-min) period of thymine deprivation. Alkaline lysates were sedimented in 5 to 20% alkaline sucrose gradients (16 h at 22,000 rpm in a Beckman SW28 rotor), and Okazaki fragments shorter than 10S were collected and purified. They were hybridized to separated strands of phage X fixed to nitrocellulose membranes. Hybridization data are given as ratios of the labeled material belonging to X strand r versus total prophage labeled DNA (r + 1). Directions of replication (arrows) were deduced with prophage molecular orientations taken into account. Note the opposite orientations of the two prophages.
forks occurs most probably at or immediately to the left ofpsrA in the wild-type context and must take place at or immediately to the left of psrA* when this additional site is present.
Terminal recombination is not limited to the zone where replication forks meet. As shown in Table 3 , the presence of the Apr-tagged psrA* site does not change the excision frequency at any site, except perhaps at zci233::TnlO, where it is slightly increased (threefold stimulation at this point has been repeatedly observed). Clearly, in these strains, maximal excisive recombination is found in a region where termination certainly does not occur, and the TRZ is not displaced. This disruption of the map coincidence between termination zone and TRZ excludes that fork meeting is the primary event inducing terminal recombination. However, pausing of the replication forks is a possible cause for the slight increase in the frequency of prophage loss at the zci233 site when psrA * is present: replication forks moving counterclockwise could halt momentarily at this site during each cycle, and this could facilitate the action of recombination enzymes and excisive recombination in this region.
Search for a controlling sequence. Besides dif-specific recombination and termination, other site-specific events could potentially trigger terminal recombination. For example, sitespecific nicking could also result in formation of a movable single-stranded zone where terminal recombination could be initiated. Such hypothetical sites which could facilitate separation of sister chromosomes may be located within the TRZ, and their deletion should abolish terminal recombination. We have used a series of deletions (Fig. 5 ) eliminating various parts of the TRZ, from zci233 to a position beyond tus. All (1, 12) , with excisive recombination (see also Table 3 ) measured at zdd263::TnS (dashed box). Strain LN3054 carries deletion 2035, formed by recombination between zdc235::TnlO and zdf237::TnlO, eliminating 57 kb to the left of dif and 98 kb to its right (20) . Strains LN3026 and LN3025 are formed by recombination between difl::TnlO-Tes and zde395::
TnlO-Tek (LN3026, deletion of 48 kb) and between zci233::TnlO-Tek and diJ2::TnlO-Tes (LN3025, deletion of 228 kb). In the three latter strains, the XTSK prophage is inserted within the TnlO joining the deletion endpoints (closed boxes and arrowheads). these deletions have been characterized genetically and physically (by Southern analysis or pulsed-field electrophoresis; data not shown). Since the creation of these deletions (except the one removing the region from kb 1647 to 1705 in LN2455) resulted from a recombination reconstituting a TnlO transposon (see Materials and Methods), terminal recombination could be measured at the junction point. The prophage excision rates observed are reported in Fig. 5 . Clearly, all tested deletions displayed a high excision rate, and therefore none suppressed terminal recombination. Note that for the three Difstrains, excision rates were as high as those for the Adif or xerC strains described above. These results seemingly eliminate the possibility that terminal recombination depends on the activity of any unique locus of the TRZ. Interestingly, two deletions (zci233-dif and zdc235-zdJ237) fuse a position where the rate of excisive recombination is low (zci233 and zdf237 [24] ) to a position where it is high (dij) or undetermined (zdc235). Hence, events inducing terminal recombination, although normally occurring in a relatively narrow region, may be displaced along the chromosome to adjacent regions normally unaffected by such events. No attempt to delimit the new TRZ in any of the deletions analyzed has yet been made.
DISCUSSION
Terminal recombination is a localized phenomenon which has been identified by a high frequency of homologous RecAdependent (24) recombination between directly repeated sequences. The frequency of such events, the only ones that we are able to easily detect, is an underestimate of the total exchanges occurring in the region. Considering the excision rates observed, a terminal recombination event could occur at least as often as once per cell cycle. Our attempts to characterize events responsible for terminal recombination have provided mostly negative results. We have shown that terminal recombination is not directly associated with replication termination and is largely independent from dif-XerC activity. It affects a region defined mainly by its position on the chromosome, with no unique sequence being essential for the phenomenon. It also occurs in cells undergoing normal cell cycles, assuming that the presence of a X prophage in the terminus region is neutral in this respect.
Horiuchi and coworkers have observed that, in bacteria deprived of RNase H activity, some fragments (Hot fragments) of the terminus region are the scene of an elevated recombination activity (frequent exchanges between duplicated Hot fragments with circle formation [16] ). They found a clear dependence on site-specific replication pausing for some of the Hot fragment recombination, in contrast to the independence displayed by terminal recombination. It seems likely that the Hot phenomenon and terminal recombination differ in the initiation step. The Hot phenomenon could be a consequence of an unusually long pause of replication forks at the neighboring pause sites (16) due to the altered replication occurring in mh bacteria (8) . Subsequent fork breakages would facilitate RecBCD entry into DNA and recombination. In this respect, the slightly elevated excision rate observed in the region left of psrA* is reminiscent of the Hot phenomenon.
If replication termination is not the primary event leading to terminal recombination, what is? Considering its location, it is possible that terminal recombination takes place after replication and occurs between the two newly terminated sister chromosomes. Our findings suggest to us the following view of terminal recombination. (i) The nucleoid has a defined structure which is progressively rebuilt in a sequence-dependent manner after passage of a replication fork from oMC to the terminus; we term the last chromosomal domain to be rebuilt the nucleoid terminus, not to be confused with the replication terminus. (ii) Replication must terminate before rebuilding of the nucleoid can be completed. (iii) Catenation links between sister chromosomes accumulate in the nucleoid terminus, and the close proximity of sister molecules in this region facilitates their pairing and genetic exchange.
Thus, it is the last domain to be organized, the nucleoid terminus, that engages in terminal recombination. Normally, this region overlaps the replication fork trap, but a prediction of our model is that the nucleoid terminus and the replication terminus should be dissociable from each other. A further consequence of the model is that the TRZ may change its position as a result of deletions which alter the domain distribution in the nucleoid. These predictions are clearly supported by the data presented here. In addition, a model based on domain distribution is also consistent with the observation of large variations of excision rates within the TRZ. Actually, the present proposal is reminiscent of a model of polarized chromosome architecture that we previously proposed (12, 27) to explain why the regions flanking the terminus are refractory to genetic inversions. This model postulated that these regions (called nondivisible zones [NDZs]) harbor a set of organizing sequences (ors) whose relative orientation is important. Figure 6 illustrates how the TRZ might be the spacer region between the NDZs. This hypothesis of polar sequences helps to explain how deletions can alter the position of the latest rebuilt domain (Fig. 6) . The idea of a topographical and temporal order in the formation of (C) A new TRZ is created after a deletion joining a position belonging to an NDZ and a position belonging to the original TRZ; it contains again the DNA stretch joining the last two ors of each NDZ.
the nucleoid structure also suggests that the advantage of the pause site-tus gene system could be to force replication to terminate in the region ultimately constructed, so that the processes of chromosome replication and nucleoid organization are facilitated.
Interestingly, a regional requirement has also been observed for the physiological role of the dif site in the cell cycle: a Difphenotype is observed when difis translocated to the lac region (30) , to the 32-min region (19) , and even to the zde381 region (our unpublished observations), although the translocated sites were shown to be functional in other XerCD-dependent activities. Conversely, the dif site can be phenotypically replaced at its original location (though in a different immediate context) by a homolog, the resolution site of plasmid pSC101 (6) . We (unpublished data) and others (19) have also observed that a translocated and physiologically inactive dif site may be activated by a deletion which puts it closer to its normal position. This indicates that the locus of XerCD-controlled exchanges has to be located at the right place within the right chromosomal domain to exert normal physiological activity. Possibly, the domain for dif physiological activity is where exchanges between sister chromosomes are frequent. This is highly reminiscent of what we observed for terminal recombination and raises the possibility that the TRZ and the domain for difactivity are defined by the same features of chromosome organization.
